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Abstract By making use of multiple ground-based and spaceborne instruments, we study ionospheric
and thermospheric behavior during the moderately intense geomagnetic storm of 29–31 August 2004
(minimum Dst excursion of �128 nT). Although this storm was far from the strongest in solar cycle 23, it
provoked quite interesting effects in the ionosphere, such as opposite hemispheric asymmetries in the
ionospheric F layer and in the topside ionosphere and a development of the ionospheric superfountain
effect in the postsunset sector. Data from ground-based GPS receivers and ionosondes revealed large
increase in total electron content (TEC) and in NmF2 in the southern hemisphere, whereas in the northern
hemisphere, very weak or no effect was observed. On the contrary, the topside measurements indicated the
occurrence of a positive storm in the northern hemisphere. Overall, the strongest storm time disturbances were
observed in the postsunset sector (~20:30–21:30 LT), where satellite radar altimeters TOPEX and Jason 1,
along with the CHAMP satellite showed ~250–400% TEC increase in themiddle- and low-latitude regions. The
signatures of the ionospheric plasma enhancement were seen up to the height of the Defense Meteorological
Satellite Program (DMSP) satellites (~840 km). As for the thermospheric storm, data of the Gravity Recovery
and Climate Experiment (GRACE) satellite mission revealed no asymmetry in neutral density data in the evening
sector (~17 UT); however, very strong hemispheric asymmetry was observed in the postsunset sector by
CHAMP (~21 UT). Overall, neutral density increase in the postsunset sector was found to bemuch stronger than
in the evening sector.

1. Introduction

Geomagnetic storms are strong disturbances in the Earth’s magnetosphere due to changes in the solar
wind and interplanetary magnetic field (IMF). The ionospheric response to a geomagnetic storm, which is
commonly referred to as an ionospheric storm, is not yet completely understood and remains one of the
primary subjects of ionospheric science [e.g., Vlasov et al., 2003; Kelley et al., 2004; Tsurutani et al., 2004, 2006,
2008; Mannucci et al., 2005, 2008, 2014; Yizengaw et al., 2005, 2006; Abdu et al., 2006; Foster and Coster, 2007;
Goncharenko et al., 2007; Astafyeva et al., 2008; Lu et al., 2008, 2012; Zakharenkova et al., 2012]. An ionospheric
storm is a global phenomenon, it extends to all latitudinal regions and both dayside and nightside
hemispheres of the Earth, and affects all branches of telecommunication and navigation [e.g., Pi et al., 1997;
Jakowski et al., 2005; Basu et al., 2008; Rama Rao et al., 2009; Astafyeva et al., 2014].

Geomagnetic disturbances begin with the arrival of solar/interplanetary plasma at high velocity at Earth’s
magnetopause. The most significant geomagnetic and ionospheric effects are caused by hot plasma with a
negative IMF Bz component, which sets up interconnection with Earth’s magnetic field lines and leads to a
large amount of energy deposition into the high-latitude regions of the Earth. Such high-latitude heating,
in turn, can create strong dawn-to-dusk disturbance dynamo electric fields [Blanc and Richmond, 1980;
Richmond and Lu, 2000; Yizengaw et al., 2005; Fejer et al., 2007] and expand the thermosphere, causing storm
time meridional neutral winds [Sica and Schunk, 1990; Fuller-Rowell et al., 1994; Liu et al., 2005; Lu et al., 2008,
2012; Fuller-Rowell, 2011] and generating traveling atmospheric disturbances (TADs) [Fuller-Rowell et al., 1994;
Richmond and Lu, 2000; Paznukhov et al., 2009]. The high-latitude ionospheric electric fields promptly
penetrate to low latitudes during the main phase of the storms [e.g., Kikuchi et al., 1978, 2008; Huang et al.,
2005a]. These electric fields known as prompt penetration electric fields (PPEFs) are directed eastward (dawn
to dusk) on the dayside and westward (dusk to dawn) on the nightside [e.g., Kelley et al., 2003; Tsurutani et al.,
2006, 2008]. PPEF significantly affect the midlatitude and low-latitude ionosphere, being a primary cause of a
dayside positive storm [e.g., Huang et al., 2005b] and an overall enhancement of the dayside total electron
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content (TEC) and further development of the dayside superfountain effect [Tsurutani et al., 2004, 2006, 2007,
2008; Mannucci et al., 2005, 2008, 2009; Astafyeva, 2009a, 2009b].

Although prompt penetrating eastward electric fields were proven to be quite important for the
development of the dayside superfountain effect, recent modeling studies showed that daytime eastward
electric fields on their own are unlikely to produce a large positive ionospheric storm, and the nature of the
ionospheric storm depends on the state of the thermosphere. Recent studies suggest that an equatorward
neutral wind is required to strengthen the fountain effect and to produce positive ionospheric storms
[Lu et al., 2008, 2012; Balan et al., 2009, 2010, 2011]. Themechanical effects of the wind (1) reduce (or stop) the
downward diffusion of plasma along the geomagnetic field lines, (2) raise the ionosphere to high altitudes of
reduced chemical loss, and hence (3) accumulate the plasma at altitudes near and above the ionospheric
peak centered at around ±30° magnetic latitudes [Balan et al., 2010].

Ionospheric effects during numerous geomagnetic storms have now been well documented. A new
multi-instrumental era, with a large number of ground-based instruments installed, along with multiple

Figure 1. (a) A scheme of an altitudinal distribution and (b) a map with positions of ground-based and spaceborne
instruments used in the study. The orbital heights and measured parameters are indicated next to the names of satellites
in Figure 1a. The satellites’ trajectories at ~21:00–22:00 UTand the position of the solar terminator at altitude 350 km at 21 and
22 UT (the dark orange and orange lines indicate the sunset and sunrise terminators, respectively) are shown in Figure 1b. GPS
receivers are marked by violet rhombs and ionosondes by pink stars. The following colors are used throughout the paper
to distinguish the satellites' measurements: brown–TOPEX, black–Jason 1, green–CHAMP, blue–DMSP F13, red–DMSP F15, and
magenta–GRACE. The arrows show the direction of the satellites’ motion.
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satellite missions, aids to reveal new aspects of the global development of ionospheric storms with
unprecedented detail. However, mostly, ionospheric effects of very intense storms and superstorms have
been analyzed, whereas weaker storms should not be neglected as they can also generate very strong
ionospheric disturbances. In this paper, we study variations of ionospheric and thermospheric parameters
during a moderately intense geomagnetic disturbance of 29–31 August 2004. The use of multiple instruments
allows us to (1) have a global overview of the ionospheric storm time behavior during the geomagnetic
storm, (2) reveal the regions with largest storm time effects, (3) estimate the contribution of the topside
ionosphere in the storm time increase of the ionospheric electron density, and (4) analyze the thermospheric
effects during this storm.

2. Data Set

To study ionospheric/thermospheric behavior during the main phase of the storm of 29–31 August 2004, we
use a set of the following ground-based and spaceborne instruments (Figures 1a and 1b):

1. Ground-based GPS receivers are a powerful tool for studying the ionosphere. By computing the differential
phases of code and carrier phase measurements recorded by the ground-based dual-frequency Global
Navigation Satellite Systems (GNSS) receivers, it is possible to calculate the ionospheric TEC along a line of
sight between a receiver on the ground and a GPS satellite at an orbital altitude of ~20,200 km. It is generally
considered that the TEC is primarily dominated by electron density in the ionospheric F region.

For our analysis, we select several latitudinal (north-south) chains of GPS stations located at different
longitudinal sectors. The vertical TEC (vTEC) values were computed from the raw GPS data in receiver-
independent exchange format available at the NASA Crustal Dynamics Data Information System archive
(ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily/). In order to estimate slant TEC from the frequency-
differenced GPS phase delay, the well-known algorithms were used from Blewitt [1990] and Hofmann-
Wellenhof [2001]. The TEC processing algorithm starts with the detection and correction of cycle slips, loss-
of-lock and multipath, after which the phase ambiguity is removed, instrumental bias is compensated, and
the slant TEC value along the signal path is converted to an effective vTEC. The diurnal vTEC values over the
stations were obtained with a 10min cadence. TEC is measured in TEC units with 1 TECU=1016 elm�2. We
assume the accuracy of the vTEC estimations to be of ~1–1.5 TECU.

2. Variations of NmF2 and vertical electron density profiles were obtained from ionosondes. Ionosonde
measurements are considered as benchmark measurements in the ionosphere’s research, since the
results depend on electron concentration only and do not contain any instrumental biases. The values of
the F2 layer peak electron density (NmF2) were computed at 1 h cadence from hourly foF2 measurements
at ionosonde observatories in American and Asian longitudinal sectors. The manually validated foF2
values for the set of the selected ionosondes were obtained from the University of Massachusetts Lowell
(UML) Digital Ionogram DataBase (DIDBase) (http://umlcar.uml.edu/DIDBase/), World Data Centre for
Solar-Terrestrial Science in Australia (http://www.ips.gov.au/World_Data_Centre/1/3), and the National
Institute of Information and Communications Technology (NICT) in Japan (http://wdc.nict.go.jp/IONO/
HP2009/ISDJ/index-E.html). In order to retrieve electron density profiles (EDP), the ionograms were
manually processed using the ARTIST software [Reinisch et al., 2005].

3. The dual-frequency satellite radar altimeters TOPEX (1992–2006), Jason 1 (2001–2013), and now Jason 2
(from 2008) perform 1 s measurements of vTEC beneath the satellites, i.e., between the water surface
and the orbit height of about of 1336 km (http://www.aviso.oceanobs.com/en/missions/index.html). The
satellites are in a circular orbit at 1336 km altitude, with an inclination of 66°. They have an orbital period of
112min and a repeat cycle of 9.9 days. The radar altimeters operate at 5.3 and 13.6 GHz to measure sea
surface heights. These measurements are affected by the frequency-dependent retardation/refraction of
the radar signal in the ionospheric plasma, and so the dual-frequency measurements can be used to
calculate the TEC; the systematic TEC deviation is ~1.5 TECU [Ping et al., 2004; Yasukevich et al., 2009].

In the current work, we used the data of TOPEX and Jason 1 that are available from the AVISO data center
(http://aviso-data-center.cnes.fr/). During the August 2004 storm, the satellites crossed the equator at
~08:56 LT (ascending) and ~20:56 LT (descending).

4. CHAMP (CHAllenging Minisatellite Payload, 2001–2010) was a project of the Potsdam Geophysical
Observatory Deutsches GeoForschungsZentrum (GFZ), Germany (http://op.gfz-potsdam.de/champ).
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CHAMP had a near-polar near-circular
orbit with inclination of 87.3° [Reigber
et al., 2002]; its orbital period is about
91min. The orbit altitude changed
from ~450 km in 2001 to ~350 km in
2005; i.e., the satellite passed close to
the height of the ionospheric F2 layer
peak density in a meridional direction.

This study used data from three of the
instruments on the CHAMP satellite.
These are (1) an accelerometer providing
data of acceleration due to air drag,
which can be further used to calculate
the thermosphere neutral density [e.g.,
Bruinsma and Biancale, 2003; Liu and
Lühr, 2005; Liu et al., 2005;Doornbos et al.,
2010]; (2) the Planar Langmuir Probe
allowing to determine the in situ plasma
density and electron temperature
[McNamara et al., 2007]; and (3) a dual-
frequency GPS receiver for precise orbit
determination (POD) providing TEC
measurements between CHAMP and the
GPS satellites (20,200 km).

To estimate the vertical TEC from
CHAMP’s GPS receiver data, we first
calculate the slant TEC from

pseudorange measurements, as mentioned above. Then, by considering the lower accuracy of absolute TEC
with pseudorange observations and the higher accuracy of relative TEC with phase observations, to obtain the
absolute slant TEC, we use a phase leveling code algorithm described in Ma and Maruyama [2003]. The
retrieved slant TEC is further calibrated to remove the instrumental biases. Differential code biases (DCB) for
GPS satellites are generated on a daily basis by several centers of the International GNSS Service (IGS) and can
be found inside the global ionospheric maps (GIM) TEC product. We use the final IGS GIMs. To estimate the
unknown DCB for the CHAMP receiver, we apply the algorithm generally used in University Corporation for
Atmospheric Research/Constellation Observing System for Meteorology, Ionosphere, and Climate Data
Analysis and Archive Center for low Earth orbit GPS data processing and described in Yue et al. [2011]. The slant
TEC values were scaled to estimate the vertical POD TEC using a geometric factor derived by assuming the
plasma occupies a spherical thin shell at the altitude of 450 km. The elevation angle cutoff was selected as 50°.
In the casewhen several GPS satellites were above the cutoff angle, the values of vertical TECwere averaged to
obtain a single POD VTEC value for each epoch.

During the event of 29–31 August 2004, CHAMP flew at amean altitude of 385 km in the 09:00 LT (descending)
and 21:00 LT (ascending) sectors. In addition to the vTEC and the in situ electron density, we also use the
CHAMP data of neutral density calculated from the data of the accelerometer onboard the CHAMP satellite,
following Doornbos et al. [2010]. For the neutral density measurements, the error can reach up to 10–15%
during geomagnetic storms and at high latitudes, and it is below 5% during quiet conditions and at low
latitudes [Doornbos et al., 2010].

5. GRACE (Gravity Recovery and Climate Experiment) is a satellite mission comprising two identical
spacecraft GRACE A and GRACE B, separated horizontally by ~220 km; it was launched on 17 March
2002 into a near-circular, polar orbit (inclination: 89°) with an altitude of about 500 km. Like CHAMP, the
GRACE satellites carry accelerometers which provide data of acceleration due to air drag, which has been
processed into the data of thermosphere density, and GPS receivers onboard, allowing to calculate the

Figure 2. Interplanetary and geomagnetic variations on 29–31 August 2004
(fromOMNIWeb Plus services, http://omniweb.gsfc.nasa.gov/). (a) Solar wind
speed (black curve) and solar wind ram pressure (blue curve). (b) Proton
density (black curve) and proton temperature (blue curve). (c) IMF Bz
component (Bz, black curve) and Ey component of the interplanetary electric
field (Ey, blue curve). (d) Geomagnetic auroral electrojet index (AE, gray bars)
and the combined polar cap index PCC (blue curve). (e) Index of geomagnetic
activity SYM-H (black curve) and planetary index Kp (blue bars). All the
parameters are 5min averaged (except for the 3 h index Kp and 1min
resolution for the PCC index).
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vertical TEC over the satellite using the same method as described above for the CHAMP satellite, but for
the ionosphere height of 550 km. In addition, as the spacecraft are interconnected by a K band ranging
system using microwave to measure the exact separation distance and its rate of change, we can get the
change of the electron density [Xiong et al., 2010].

During the storm, the GRACE satellites were at a mean altitude of 486 km and crossed the equator at
about 05:00 LT (descending) and 17:00 LT (ascending).

6. Data of the total ion concentration (Ni in i+/cm3) and of the O+/(O++H+) density ratio were obtained
with the Special Sensor for ion, Electrons and Scintillation (SSIES) [Rich and Hairston, 1994] onboard
the Defense Meteorological Satellite Program (DMSP) F13 and F15 spacecraft. DMSP spacecraft are
placed in a near circular, Sun synchronous, polar orbit with inclination 98.8° (DMSP F13 platform

Figure 3. TEC variations as calculated from the data of ground-based GPS receivers located in (a) American, (b) European-African, (c) Asian, and (d) Pacific-Australian
longitudinal regions. The names and the geographic coordinates of the GPS receivers are indicated in all panels. The positions of the receivers are shown on themap
in Figure 1b. TEC enhancements compared to the quiet day are filled with red, while lower TEC values than on the quiet day are filled with light blue color.
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document, http://nsidc.org/data/docs/daac/f13_platform.gd.html) and 98.9° (DMSP F15 platform
document, http://nsidc.org/data/docs/daac/f15_platform.gd.html). The orbital altitude is ~840–850 km,
and the period is ~102min. The ascending equator crossing time for DMSP F13 is ~18:25 LT and for
DMSP F15 satellite is ~21:10 LT.

3. Geomagnetic Storm of 29–31 August 2004

The year 2004was a year of declining solar activity, with several strong geomagnetic events, including the series
of superstorms of 7–11 November 2004 [e.g., Kelley et al., 2003; Fejer et al., 2007; Mannucci et al., 2008, 2009;
Astafyeva, 2009b; Lu et al., 2012]. One of the most intense storms of 2004, the storm of 24–27 July 2004,
provoked a significant long-time positive storm enhancements at low and middle latitudes in the southern
hemisphere [Ngwira et al., 2012] and considerably changed the structure of the Earth’s radiations belts, both
protons and electrons, filling them by fluxes of energetic particles [Lazutin et al., 2008]. These enhanced fluxes
remained trapped until the end of August 2004, when a moderately intense storm occurred and caused
acceleration and release of the high-energy (>3MeV) particles [Lazutin et al., 2011, 2012]. In the meantime, the
flux of lower energy electrons at the inner shell (L= 2–3) remained highly increased until the November 2004
storm [Lazutin et al., 2012].

Figure 2 shows the variations of interplanetary and geophysical parameters during the storm of 29–31
August 2004. A moderately intense magnetic storm was initiated by the interplanetary shock arrival at ~09:00 UT
on 29 August 2004 [Echer et al., 2008]. Considering the time shift of ~64min due to the solar wind propagation
from the registration point by the Advanced Composition Explorer (ACE) spacecraft to Earth, the commencement
of the storm can be seen at ~10:04 UT (vertical dashed line in Figure 2) as an abrupt increase of the solar wind
speed from 390km/s to 450km/s, simultaneously with sudden changes in the solar wind ram pressure and proton
density (Figures 2a and 2b). We note that the proton temperature did not change significantly at the shock arrival
(blue curve in Figure 2b).

Following the storm commencement at 10:04 UT on 29 August 2004, the initial phase of the storm lasted
until ~05:00 UT of the next day, when the IMF Bz turned southward and remained so until ~23:00 UT
(Figure 2c, black line). Consequently, the index of geomagnetic activity SYM-H started to monotonely
decrease until its minimum excursion of �128 nT at 22:50 UT (Figure 2d, black line). The maximum value
7 of the 3-hourly Kp index was reached at 21:00 UT on 30 August 2004 (Figure 2d, blue bars). The main
peculiarity of this storm is that it was accompanied by sufficiently strong and long-term substorm
activity in 30–31 August, as seen from the variations of the auroral electrojet (AE) (Figure 2e, gray bars),
and which is due to enhanced particle precipitation in the auroral regions [Lazutin et al., 2011, 2012].
Figure 2e also shows the variations of the combined polar cap index (PCC) derived from northern (PCN)
and southern (PCS) polar cap indices [following Troshichev et al., 1988, 2006]. Figure 2d indicates on
sufficiently strong stress in the tail region and enhanced substorm activity. Release of the stress during this
period of time triggered the subsequent decrease of the global ring current and further development of
the main phase of the storm. Another increase of the PCC index occurred from ~17:30 UT and lasted until
~23:00 UT (Figure 2d). This period of the enhanced polar cap magnetic activity corresponds to the
enhancement in the IMF Bz negative component and to the time of the maximum ionospheric effects
observed, as will be shown below.

Overall, this storm was characterized by a very long initial phase (~19 h) and a very long main phase
(~17 h). The recovery phase was also very long as it lasted almost 5 days [Lazutin et al., 2011]. Despite
being classified as a moderately intense storm, it induced sufficiently strong and interesting effects in the
ionosphere; it also caused strong GPS phase fluctuations in the auroral and equatorial regions [Zakharenkova and
Astafyeva, 2015].

4. Results
4.1. Global Ionosphere Behavior During the Main Phase of the Storm of 29–31 August 2004:
Ionosphere Variations in the Late Afternoon Sector

To understand the global redistribution of the ionospheric plasma during the main phase of the geomagnetic
storm of 29–31 August 2004, we analyze the vertical TEC variations from four latitudinal chains of ground-based
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GPS receivers (Figures 1b and 3). We separate the American, African (European), Indian (Asian), and Australian
(Pacific) regions (Figures 3a–3d, respectively). Although the coverage was not good everywhere in the
world, especially in the southern hemisphere, we managed to have sufficiently even distribution of GPS
receivers along the chains (as seen in Figure 1b). To understand the storm time alterations, we compare the
storm days 29–31 August with the quiet day of 28 August 2004.

As we showed above, although the SSC time was registered at 10:04 UT on 29 August, the ring current started
to slowly intensify only from ~5:30 UT on 30 August and continued to do so until 23:00 UT. One can see that
on 29–31 August, the variations in TEC were ambiguous. The first TEC increase of 50–200% occurred from
00:00 to 08:00 UT on 30 August at GPS receivers located at low latitudes in the Australian sector, which
corresponded to the morning to noon sectors at that moment (Figure 3d). At the same time, middle- and
high-latitude stations showed either a small negative deviation from the quiet time TEC level, or no effect at
all. In the Indian sector, a small increase could be seen on 30 August from ~06:00 to 16:00 UT at the low and
middle latitudes of the southern hemisphere (Figure 3c). The largest storm time effects in TEC occurred
during the main phase of the storm at low latitudes in the African sector (Figure 3b) and from ~14:00 UT in
the American sector (Figure 3a). Note that the large TEC increase in the southern hemisphere in both these
longitudinal sectors continued until ~06:00–08:00 UT of the next day (Figures 3a and 3b), while in the
northern hemisphere, the effects of the storm were much less pronounced.

With the beginning of the recovery phase, on 31 August 2004, large negative effects can be seen in all
longitudinal regions, except for the receivers located in the American and African regions of the southern
hemisphere, where strong positive alterations were detected (Figures 3a–3d).

Similar effects were observed in data of the ionosondes located in the same longitudinal regions as the GPS
receivers (Figure 1b, stars and rhombs). Unfortunately, in the Indian (Asian) region, no digisonde data were
available during the time of this storm. We see a primary increase in the dayside values of the NmF2 at
ionosondes located at low latitudes in the Australian region (Figure 4c). In the European-African sector, the
data of three ionosondes showed that the general pattern of NmF2 behavior is the same as that for the
GPS-TEC (Figure 4b). At the American longitudes, we clearly observed a significant ~100–150% increase in
NmF2 from ~14:00 UT on 30 August to ~04:00 UT on 31 August; this effect concerned the equatorial station JI

Figure 4. (a–c) Variations of NmF2 measured by digisondes in American, European-African, and Pacific-Australian longitu-
dinal sectors, respectively, during the 29–31 August 2004 magnetic storm (black curves) as compared to quiet day 28
August (gray curves). Names of stations and their geographic coordinates are written on the panels. For the CP ionosonde
station, no data were available on 29 August, so it was not possible to estimate the storm time changes on that day.
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and the other two ionosondes located in the southern hemisphere (Figure 4a). Whereas, at the midlatitudes
of the northern hemisphere, we observe the development of the negative storm from ~13:00 to 15:00 UT
on 30 August. We note that this negative storm effect in the northern hemisphere (NH) is somewhat less
evident from the TEC data as shown in Figure 3, while the strong positive storm in southern hemisphere (SH)
is seen in both the TEC and NmF2 observations. From these simultaneous observations, we can conclude that
the observed positive storm in SH occurred in the ionospheric F layer, whereas the observations in NH
may indicate on somewhat opposite effects in the ionospheric response above the ionospheric F layer, i.e.,
in the topside ionosphere.

Indeed, in the data of the vTEC above the height of the GRACE satellite of 485 km (~17:00 LT sector),
signatures of the positive ionospheric storm at low latitudes were observed (Figures 5 and 6, second column).
The equatorial and low-latitude TEC 1.5–2 times exceeded the quiet time levels. This increase started about
4 h after the beginning of themain phase of the storm and continued until the next day, gradually decreasing
with time. In addition to that, we also notice a small TEC increase at midlatitudes of the NH starting from

Figure 5. Ionospheric EDP obtained from the data of the digisondes in American region: Wallops Island and Port Stanley (both midlatitude stations), Ramey and
Cachoeira Paulista (low-latitude), and Jicamarca (equatorial) stations. The time period concerned is from 20:00 UT on 30 August to 02:00 UT on 31 August 2004.
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~13:00 UT. This vTEC increase in the NH lasted until the beginning of the recovery phase of the storm. From
18:00 UT, we observe a growth of TEC in the high latitudes of the SH and from 22:00 UT, a growth of TEC in
the midlatitudes of the SH. Similar behavior can be concluded from the variations of the electron density
Ne at the orbital height of the GRACE satellite (Figure 6, third column). One can see a small storm time
enhancement of the Ne throughout the main phase of the storm, and we also observe two-peak structure of
the equatorial ionization anomaly (EIA). Starting from ~17:00 UT, we notice hemispheric asymmetry, when
the northern EIA crest showed a larger peak of density, and an increase of Ne can be seen at high and middle
latitudes of the NH. Development and traveling of high-latitude traveling ionospheric disturbances (TID) is
also clear from the panels (Figures 5 and 6).

To have a better overview on the ionospheric latitudinal redistribution during the maximum of the ionospheric
disturbance, here we analyze the EDP from the ground-based digisondes located in the American sector
(Figure 1b). The distinguished feature of the EDP’s behavior on the disturbed day is a significant uplift of the F2
layer peak (Figure 5). Besides, we can clearly see the seasonal effect with the dominance of a negative phase of
the ionospheric storm in the NH (summer) and the pronounced positive phase in the SH (winter). At the
northernmost station (Wallops Island), we notice a negative ionospheric storm during local evening time,
followed by a short-time positive storm (23:00–01:00 UT); this effect is also recognized in the GPS TEC data
(Figure 3). Similar behavior was observed at 00:00–02:00 UT for the ionosonde Ramey and CRO1 GPS stations.
For these moment, the height of F2 layer peak increased, which that can be associated with an up-flow of the
ionospheric plasma along magnetic field lines. At the middle latitudes of the southern hemisphere (Cahoeira
Paulista and Port Stanley), a significant 200–300% enhancement of the electron density was registered. The
enhancement can be caused by the plasma fluxes from the plasmasphere and the F2 layer uplift due to vertical
drift. It is interesting to note the storm time effects on Jicamarca station located on geomagnetic equator, where
the strong enhancement of electron density of F2 layer was detected simultaneously with the layer uplifting up
to 500 km; this can be explained in terms of storm time changes of E× B plasma drifts.

Figure 6. Ionospheric behavior in the afternoon and the postsunset sector during the main phase of the geomagnetic
storm on 30 August 2004. Vertical TEC (GRACE– magenta curves, TOPEX–brown curves, and CHAMP–green curves) and
electron density observations (GRACE and CHAMP) are compared with the quiet day 28 August (gray, dark gray, and dark
green curves, respectively). (first column) The trajectories for all the satellites are shown. GRACE crosses the equator at
~17:00 LT, TOPEX at 20:56 LT, and CHAMP at ~21:00 LT.
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Thus, ground-based TEC-measurements and the ionosonde stations clearly show the dayside low-latitude
enhancement of the ionospheric TEC and plasma density in all the longitudinal sectors during the main
phase of the storm. The GRACE observations confirm the occurrence of the positive storm at low latitudes
but, at the same time, reveal a north-south asymmetry in the ionospheric behavior at middle and high
latitudes. Taking into account that GRACE passes in the topside region, we can conclude the opposite
asymmetries in the F layer and the topside region. The largest storm time effects were observed in the
southern hemisphere in the African and American sectors from ~13:00 UT on 30 August to 04:00–06:00 UT on
31 August, which correspond to the afternoon and postsunset local sectors. The latter region is of great
interest because the physical mechanisms are different from those that produce effects in the dayside
afternoon region and are less understood. We discuss them below.

4.2. Ionospheric Storm Time Effects in the Postsunset Sector

To analyze in more detail the storm time ionospheric effects in the postsunset sector, here we use the data of
multiple satellites that during the storm crossed the equator at ~20:35–21:10 LT (Figures 1a and 1b). Such a
unique configuration of satellites provides us with a very interesting set of data, allowing us to obtain
altitudinal distribution of the storm time effects in the ionospheric plasma.

Figures 6 and 7 show the measurements of vertical TEC as deduced from satellite radar altimeter TOPEX
(Figures 6 and 7, fourth column, brown curves), as well as from GPS onboard the CHAMP satellite, and in situ
measurements of electron density performed by CHAMP (Figures 6 and 7, sixth column, green curves). The
results of the Jason 1 are quite similar to those by TOPEX, so we do not show them in the paper. Here we
analyze the TEC alterations from ~13:30 UT on 30 August to ~ 3:00 UT on 31 August 2004, and we also
compare the storm time values with a geomagnetically quiet day 28 August 2004.

Similar to the ground-based GPS receivers (Figure 3), satellite observations show 70–100% enhancement
during the main phase of the storm in the equatorial and low-latitude TEC and electron density as compared
to the quiet day (Figure 6). This effect can be seen in all satellite data from 13:30 UT to 16:00 UT. We also
observe a north-south asymmetry in the latitudinal profiles from CHAMP. We note that during this period of
time, GRACE, which passed in the ~17:00 LT region at ~485 km, showed very similar behavior, and the values

Figure 7. Same as Figure 6 but for the time period from 22:00 UT on 30 August to 03:00 UT on 31 August 2004.
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of the vTEC were close. From ~17:30 UT, when the IMF Bz dropped further southward, and the polar cap
magnetic activity increased (Figure 2), the CHAMP GPS measurements revealed further increase of the
low-latitude vTEC, with concurrent appearance of the two-crests structure of the EIA. During that time, the
TEC in the northern crest of the EIA was ~08:00–09:00 TECU higher than that in the southern one. The CHAMP
in situ measurements revealed even stronger storm time development of the EIA with larger difference
between the crest and trough electron densities, and they also confirmed the asymmetry between the
northern and southern crests. Unfortunately, data of the satellite radar altimeters contained large gaps due to
the spacecraft passing over land, so it was difficult to compare the measurements at different heights for that
period of time.

The strongest storm time effects were observed from ~19:00 to 24:00 UT, when all signatures of the
occurrence of the superfountain effect (SFE) were seen in both vertical TEC and electron density. The crests of
the EIA shifted poleward to ±20° of latitude, as the altimeter data show in Figures 6 and 7. The TEC at the
crests reached 50–55 TECU for both TOPEX and Jason 1 measurements, while the TEC at the trough
concurrently decreased to 15–20 TECU. Simultaneously, the TEC above CHAMP increased up to 35–40 TECU.
Knowing that these two spacecraft passed in practically the same longitudinal sector but at different altitudes
(Figures 1a and 1b and Figures 6 and 7), we estimate the ratio of the bottomside/topside contribution.
Considering the topside vTEC over the TOPEX satellite as 2–3 TECU [Yizengaw et al., 2008], we estimate the
ratio as about 3:7, which implies significant ionospheric uplift over the height of the ionospheric F layer.

Figure 8. (second and third columns) Ion density (Ni) and O+ ratio as measured by DMSP F13 (blue) and F15 (red) spacecraft
from 13:00 to 21:00 UT on 30 August 2004. The storm time values are compared to the quiet time ones (dark blue for F13
and dark red for F15). (fourth column) Neutral mass densities (ρ) measured by the CHAMP (green) and GRACE (magenta)
satellites at themain phase of the storm and during the quiet time (dark green and dark magenta, respectively). (first column)
The corresponding trajectories for all the satellites are shown. DMSP F13 crosses the equator at 18:30 LT and F15 at 21:10 LT;
CHAMP and GRACE satellites do that at ~21:00 LT and ~17:00 LT, respectively.
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Indeed, the TEC above CHAMP increased ~3.5–4 times as compared to the quiet time levels. TOPEX and Jason
1 observations confirm the overall increase of TEC below 1336 km. The CHAMP in situ measurements of the
electron density Ne also revealed a significant storm time increase over the EIA crests with a simultaneous
drop over the magnetic equator (Figures 6 and 7, sixth column).

Besides sufficiently large contribution of the topside ionosphere during this storm, our observations
signify an ionospheric uplift to high altitudes. To further check the altitudinal extent of the storm time
ionospheric effect, here we analyze data of the ion density at the height of ~840 km as measured by the
DMSP F13 and F15 spacecraft. Note that the DMSP F15 satellite passed at ~21:10 LT, i.e., in the postsunset
sector, and the F13 crossed the equator at ~18:30 LT, i.e., in the late afternoon-evening sector (Figure 8).
Similar to the TEC and Ne measurements, the Ni values from both spacecraft (F13 and F15) exceeded
the quiet time level at the equator with the development of the main phase of the storm (as shown on the
example of 13:00 UT in Figure 8). One can see that before ~19:00 UT, the ion density at the postsunset
sector (from F15, red curves) was about 10 times less than that in the evening sector (from F13, blue
curves). Starting from ~19:00 UT, the ion density at the magnetic equator and nearby started to largely
increase, and by 21:00–22:05 UT, it exceeded almost 100 times the quiet time level and reached the level
of the evening-sector ion density (Figure 8). At 22:00–24:00 UT, the Ni in the postsunset sector slightly
exceeded the storm time Ni value in the evening sector (Figure 9, first and second columns). The ion uplift
signatures started to diminish from ~01:00 UT in 31 August as seen from all satellite measurements, including
DMSP. By 03:00 UT on 31 August 2004, the TEC, Ne, and Ni values come back to nondisturbed (Figures 7 and 9,
the bottom line of each panels).

Figure 9. Same as in Figure 8 but for DMSP observations from 22:05 UT on 30 August 2004 until 04:08 UT 31 August 2004
and for CHAMP and GRACE observations from 21:00 UT on 30 August 2004 to 03:00 UT on 31 August 2004.
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Besides the low-latitude Ni uplift until 840 km, from 17:00 UT on 30 August 2004, we observed Ni increase
at middle and high latitudes of the northern hemisphere, while in the southern hemisphere, the storm time
levels hardly exceeded the quiet time ones. The Ni uplift finally extended to the southern hemisphere
from 23:05 UT and lasts only 1.5 h before going down to the undisturbed level. This storm time hemispheric
asymmetry can also be clearly seen in the data of O+/(O++H+) postsunset density ratio as measured by
theDMSP F15 satellite (Figures 8 and 9, third column); one can see that in northern hemisphere, before 20:00 UT
O+ ions constituted ~80% of ions detected, whereas from 20:05 to 24:00 UT, the number of O+ ions increased
over all latitudes of northern hemisphere, including the equatorial region. At the same time, in the southern
hemisphere, the O+ density ratio reached about 20% at middle latitudes and 50–90% at high latitudes at
~22:00 UT. We note that the effect of oxygen ions uplift to DMSP satellite has already been reported for several
ionospheric superstorms and is considered as a signature of prompt penetration of intense dawn-to-dusk
interplanetary electric fields and further development of the dayside SFE [Tsurutani et al., 2006, 2007]. Our
observations indicate a stronger ionospheric uplift in the NH than in the SH.

Finally, we notice rapid fluctuations of the electron (at 400 km) and ion density (at 840 km) in both CHAMP
and DMSP measurements from 19:00 UT on 30 August to ~02:00 UT on 31 August, which indicates the
presence of plasma bubbles at low latitudes in the postsunset region and at high latitudes (as discussed in
detail by Zakharenkova and Astafyeva (2015)).

4.3. Thermospheric Behavior in the Late Afternoon and Postsunset Sectors

The variations of the neutral mass density ρ (thermospheric storm) during the main phase of 29–31 August
2004 geomagnetic storm are shown in Figures 8 and 9 (fourth column). The neutral density data were derived
from the CHAMP (~21:00 LT, ~385 km) and GRACE (~17:00 LT, ~485 km) satellites. In both longitudinal sectors,
ρ started to gradually increase shortly after the beginning of the main phase of the storm at ~10:00 UT and
reached their maximums by 23:00–24:00 UT of 30 August. However, in the evening of the ~17:00 LT
longitudinal region, the storm time effects were much less pronounced than in the postsunset ~21:00 LT
region. Such a difference is, most likely, due to different local time sector for these two satellites.

In the ~17:00 LT afternoon region, a small growth of the neutral density at ~485 km (magenta curves) was
observed throughout all the latitudes; it increased gradually with the development of the main phase of the
storm. No clear hemispheric asymmetry was observed in the data of neutral density at this height and this
local region. However, we notice the occurrence of large-amplitude TAD structure at ~22:00 UT at high
latitudes in the northern hemisphere. We suggest that this TAD caused an increase of ρ over low latitudes
about 90min after. By 00:00–01:00 UT, the density reached its maximum value of ~1.2 * 10�12 kg/m3 over low
and midlatitude regions. The thermospheric storm continued all day on 31 August 2004 and gradually
quieted on 1–2 September 2004 (not shown here).

In the postsunset sector, CHAMP showed a significant increase in the neutral mass density at 385 km as compared
to the quiet time level and as compared to the late afternoon region (green curves in Figures 8 and 9). Moreover,
from 16:00 UT, we see a very large thermospheric disturbance developing over the northern polar region; the
disturbance descends toward the high and midlatitudes within the next 2h, causing an overall increase of the
neutral density in the northern hemisphere. At the same time, a smaller ρ enhancement can be seen in the
high-latitude region of the southern hemisphere. The maximum perturbation was reached by 22:00–23:00 UT,
when the density over the north polar cap and high-latitude region reached ~4 times the quiet time level and
an overall 200% increase was observed over other latitudes. Similar to the late afternoon sector, the neutral
density remained largely increased during the next few days of the recovery phase of the storm.

Overall, the development of the 30–31 August thermospheric storm seemed to similarly occur during other
storms [e.g., Balan et al., 2011, 2012]. The neutral density increased at high latitudes shortly after the onset
of the main phase and several hours later the enhanced ρ reached middle and low latitudes. The high-latitude
density increase was especially strong in the northern hemisphere in the postsunset region, as shown by the
CHAMP measurements. This hemispheric difference can be explained by the seasonal effect, i.e., by the northern
polar cap and auroral region (local summer) being constantly heated, while most of the southern polar region
was in the shadow. Although that it was believed that lower solar heating in winter hemisphere would provoke
larger storm time disturbances, recent observations showed the opposite effect, as demonstrated in previous
observations by CHAMP during three superstorms [Liu and Lühr, 2005] and in the current manuscript.
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5. Discussions and Conclusions

The use of multiple ground-based and spaceborne instruments allowed us to analyze in detail the
ionospheric and thermospheric response to the moderately intense geomagnetic storm of 29–31 August
2004. Overall, we observe a very complex behavior of the ionospheric storm development:

1. A positive storm in TEC and NmF2 started to develop at low latitudes with the beginning of the main phase
and persisted until the recovery phase. The large dayside low-latitude enhancement was also seen in the
topside ionosphere, as shown by the GRACE and CHAMP satellites, and reached as high as 840 km of
altitude, as seen in the data of the DMSP F13 and F15 satellites.

2. Data of ground-based GPS receivers and ionosondes revealed a strong positive storm in the ionospheric
F layer in the SH in the American and European-African sectors; at the same time, in the data from the NH,
we observed no or a very small and short-term positive effect, followed by larger negative deviations
during the main phase of the storm.

3. The satellites’ data covered the topside region and detected opposite asymmetry than was observed in
the F layer, i.e., larger TEC and Ne values in the NH, and no or small storm time enhancement in the SH.
This phenomenon was observed in both late afternoon (17:00–18:00 LT) and postsunset (~20:30–21:30 LT)
sectors, and it was also shown to reach at least 840km of height.

4. The hemispheric asymmetry can also be seen in the data of the neutral density but only in the postsunset
region (CHAMPmeasurements at 385 km altitude), while in the evening sector, GRACE data showed rather
“even” increase throughout all the latitudes with no asymmetry (at 485 km). Overall, the thermospheric
storm in the postsunset sector was found to be much stronger than in the evening sector.

5. In the postsunset sector, we observed a strong storm time reinforcement of the EIA, also known
as a superfountain effect. At the end of the main phase of the storm, about an hour after a further
intensification of the IMF Bz component, TEC and Ne within the crests of the postsunset EIA increased up
to 250%; this effect further strengthened during the next 4–5 h and lasted until the beginning of the
recovery phase. The contribution of the topside ionosphere was estimated to be significant (about 3:7).
DMSP observations showed a rise of the ionospheric plasma to at least 840 km, and simultaneously the O+

ratio density increased in the equatorial region and in the northern hemisphere, also indicating the
hemispheric asymmetry.

The observed opposite interhemispheric asymmetry in the ionospheric storm time behavior at different heights
is a very interesting feature of the considered ionospheric storm and seems to be observed for the first time.
The north-south asymmetry in the ionospheric response in the F region has been already reported during
a number of geomagnetic storms [e.g., Karpachev et al., 2007; Astafyeva, 2009b; de Abreu et al., 2010;
Ngwira et al., 2012; Zakharenkova et al., 2014]; it is usually attributed to seasonal effects, as it is known that the
positive phase often occurs in the winter hemisphere, while negative storm is more summer hemisphere
“feature” [e.g., Prölls, 1995; Goncharenko et al., 2007; Danilov, 2013]. The difference in the ionospheric response
in the F layer and in the topside ionosphere has already been observed during the superstorm of 20 November
2003 [Yizengaw et al., 2006]. The authors reported that the topside ionosphere and plasmasphere did not
show significant storm time alterations, while data of ground-based GPS receivers indicated a large dayside
enhancement. Later, Pedatella et al. [2009] on the example of the geomagnetic storm of 15 December 2006
demonstrated a significant enhancement of the topside/plasmasphere TEC above ~550 km, while these effects
were much less pronounced in measurements of satellite altimeters TOPEX/Jason 1. Their observations
suggested that the topside TEC increase was caused by soft particle precipitation. In our case, we observe
opposite asymmetries in the F layer and in the topside ionosphere/plasmasphere, which clearly implies
different drivers for these two altitudinal regions. The low-latitude and SH positive storms in the F layer
(increases in NmF2 and TEC) are usually attributed to either a downwelling of neutral atomic oxygen as a result
of the storm time induced thermospheric circulation, or to uplifting of the F2 layer because of the vertical
drift [Buonsanto, 1999; Danilov, 2013]. In addition, plasma fluxes from plasmasphere can also make a possible
cause of the positive ionospheric storm in the F layer. The NH positive storm in the topside ionosphere seemed
to respond to storm time alterations in the neutral density that were much stronger over the northern polar
and the NH high-latitude regions.

Another interesting feature of the 29–31 August 2004 storm is the observation of the SFE in the postsunset
region (~20:30–21:30 LT). The dayside SFE is a well-known andwell-described phenomenon [e.g., Kelley, 2009;
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Mannucci et al., 2005; Tsurutani et al., 2004, 2006], that is primarily driven by unshielded prompt penetration
of interplanetary and polar cap electric fields to the equatorial and near-equatorial ionosphere. The presence
of the storm time enhanced electric fields implies enhanced E× B upward convection of the equatorial
and near-equatorial plasma, which can reach as high as 800–1000 km of altitude. Once the dayside
ionospheric plasma is uplifted, the recombination rate of this plasma is reduced [e.g., Tsurutani et al., 2006
At the same time, solar photoionization regenerates a new ionosphere at lower altitudes leading to overall
TEC enhancement in the equatorial and low-latitude region. Furthermore, the plasma transported to higher
altitudes is moved to higher magnetic latitudes assisted by the gravitational force [Richmond and Lu, 2000;
Kelley et al., 2004, 2009; Tsurutani et al., 2004, 2006]. However, this explanation is valid to explain the dayside
SFE, whereas in the night, dawn and dusk regions there may be other drivers or their combination. The latter
becomes a very important question in the framework of the current study, as we observe sufficiently strong
signatures of the SFE in the postsunset sector, i.e., in absence of direct ionization by the solar irradiance.

It is known that even under quiet conditions, the equatorial fountain effect is often most pronounced near
the dusk region, where there exists a large eastward electric field associated with the “prereversal
enhancement” of the zonal electric field [Woodman, 1970; Sastri, 1982; Kelley et al., 2009; Lu et al., 2012]. This
phenomenon causes a brief and intense uplift of the electric field near sunset, which results in a height
increase in the equatorial ionosphere and in an overall enhancement of the EIA. The latter is driven by an
apparent renewal of the fountain effect due to an increase of the eastward electric field, which, in turn, causes
an increased outflow of ionization from the through region, thereby increasing the ionization density at the
crests at the expense of that at the through, thus enhancing the crest-to-trough density ratio of the EIA
[e.g., Sastri, 1982].

During geomagnetic disturbances, in the dusk sector, the eastward penetration electric field, associated with
the negative IMF Bz, adds to the postsunset eastward electric field because of the F region dynamo [e.g., Blanc
and Richmond, 1980; Basu et al., 2007] and to overshielding due to region 2 field-aligned currents (FACs)
[Kikuchi et al., 2008]. Here we observe significant reinforcement of the EIA near ~21:00 LT sector, so that
the main questions are: how far from the dusk region can the effects of the prereversal enhancement last?
And, in the absence of the solar ionization, what are the mechanisms responsible for the development of
the EIA and the SFE in the postsunset sector? Modeling studies suggest that during the main phase of a
geomagnetic storm and in the presence of FACs, the dayside eastward electric field is extended from
before the sunrise morning sector (~06:00 LT) to the postsunset region, merely until the ~22:00 LT sector
[Tsunomura, 1999; Kikuchi et al., 2008]. In the case of the 29–31 August 2004 storm, we did not observe any
signatures of the EIA enhancement at ~08:00–09:00 LT (not shown here). In the postsunset region, our
observations of the SFE signatures are in agreement with the modeling, as the extension of the dayside
electric fields until ~22:00 LT can explain the observed poleward displacements of the EIA crests observed
from 17:00 UT (30 August) to 02:00 UT (31 August), as well as the ionospheric uplift to at least ~840 km
altitude; however, analyzing the storm time behavior of the ionospheric parameters (Figures 6 and 7), it is
difficult to attribute the observed TEC and Ne increase solely to the storm time increased electric fields and
further EIA redistribution, as there seem to act an additional source of the plasma ionization, which,
eventually, led to such high values of plasma density in the EIA crests.

The ionospheric plasma is created as the neutral constituents are ionized by sunlight and by precipitating
energetic auroral particles, and it is destroyed by chemical reactions that eventually lead to recombination of
the ions and free electrons at the height of the ionospheric F region. In our case, the low-latitude part and
the entire southern hemisphere part of the satellites tracks lied in the unlit area (Figure 1b), so that the
measurements were done ~2 h after the sunset line at ~350 km. Therefore, the observed enhancement in
the electron density was, most likely, caused by other source than the solar irradiance. We consider that in
addition to the storm time eastward prereversal enhancement, the storm time increased thermospheric
density could produce that effect on the ionosphere, as we observed significant increase of the neutral
density in this sector and equatorward propagation of TADs and TIDs from high-latitude regions.

The largest storm time ionospheric and thermospheric alterations started around 17:30 UT, when the IMF Bz
intensified and when the magnetic activity in polar regions increased. Then, according to the assimilative
mapping of ionospheric electrodynamics services (AMIE2) [Richmond and Kamide, 1988]; available from
http://spidr.ngdc.noaa.gov), this period of time was characterized by a sudden strong increase in the
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simple Joule heating and cross polar cap potential; these variations were slightly more intensive in the
northern hemisphere. It is known that during geomagnetic storms, the enhanced Joule heating over high
latitudes lifts the neutrals and drives them toward the low and equatorial latitudes, thereby changing
thermospheric composition globally [e.g., Fuller-Rowell et al., 1994, 2008]. This storm-induced circulation
augments the normal seasonal circulation from summer to winter. As a result, in the NH, the perturbations can
be easier transported to middle and low latitudes than in the SH. Knowing that the equatorward expansion
of the thermospheric neutral composition disturbance preferentially occurs in the midnight-postmidnight
sector during the main phase of storms owing to the reduced ion drag and equatorward background wind in
this sector [Prölls, 1995; Danilov, 2013], this could explain our observations of much stronger thermospheric
effects in the northern high latitudes in the postsunset region, and a strong TAD traveling from the northern
high latitudes in the evening sector. Our observations of gradual uplift of O+ in the northern hemisphere can
confirm the role of the thermosphere in the ionospheric uplift and the development of the SFE in the
postsunset sector. Our results are also in agreementwith the recent observations of strong termospheric effects
by CHAMP for three superstorms of 2003–2004 [Liu and Lühr, 2005].

The recovery phase of the 29–31 August 2004 storm lasted 5 days [Lazutin et al., 2011]. The beginning of the
recovery phase, on 31 August, was accompanied by a sufficiently large negative storm in all longitudinal
sectors of the northern hemisphere (Figures 3 and 4); in Australian and Indian sectors, the negative storm was
observed at all latitudes. Whereas, in European-African and American sectors a positive storm seemed to
continue. The negative ionospheric storms are generally believed to be caused by the changes in the
thermospheric composition because of the heating of the thermosphere during geomagnetic disturbances
[Prölls, 1995; Fuller-Rowell, 2011; Danilov, 2013]. The storm time equatorward neutral wind makes the
thermosphere richer in molecular [N] concentration and poorer in atomic [O] concentration so that chemical
recombination becomes faster than normal [e.g., Fuller-Rowell et al., 1994, 2008]. Indeed, according to our
results, the increase of the thermospheric neutral density accompanied the negative ionospheric storm on 31
August 2004, when the recovery began. The occurrence of positive storm in the SH at the recovery phase is
also in agreement with previous observations, showing that in winter, positive phases are more probable
[Goncharenko et al., 2007; Danilov, 2013].

Thus, our study proves again that weaker geomagnetic storms are not to be disregarded. The storm of 29–31
August 2004 had a minimum Dst excursion of “only” �128 nT and passed unnoticed by the community;
however, it provoked quite significant ionospheric and thermospheric disturbances, especially in the
postsunset sector. Multi-instrumental studies can be very effective in understanding of storm time
ionospheric redistribution, and future works and new satellite missions will undoubtedly shed more light on
such a complex subject as ionospheric storms.
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